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bstract

This work presents implantable, flexible polymer-based probes with embedded microelectrodes for acute and chronic neural recordings in vivo,
s tested on rodents. Acute recordings using this array were done in mice under urethane anesthesia and compared to those made using silicon-
ased probes manufactured at the Center for Neural Communication Technology, University of Michigan. The two electrode arrays yielded similar
esults. Recordings with chronically implanted polymer-based electrodes were performed for 60 days post-surgically in awake, behaving rats. The
icroelectrodes were used to monitor local field potentials and capture laminar differences in function of cortex and hippocampus, and produced
esponse waveforms of undiminished amplitude and signal-to-noise ratios 8 weeks after chronic implantation. The polymer-based electrodes could
lso be connected to a lesion current to mark specific locations in the tissue. Current source density (CSD) analysis from the recordings depicted
source–sink-composition. Tissue response was assessed 8 weeks after insertion by immunochemical labeling with glial fibrillary acidic protein

GFAP) to identify astrocytes, and histological analysis showed minimal tissue reaction to the implanted structures.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Implantable microelectrodes can be used to record neuronal
ction potentials or local field potentials from within the brain.
hese signals are in the micro- to millivolt range when recording

single) spike activity or local field potentials as intracortical
ignals. Implantable multielectrode arrays offer unique insight
nto brain function. Single-cell recordings give information
bout neural coding and tuning, while ensemble recordings
how how individual neurons interact as coherent assemblies.

The first implantable electrodes to record chronically from
he brain were made from insulated microwires. These wire
lectrodes were developed in the 1950s and were made from
ungsten wire, insulated except for the tip. Strumwasser used

ingle 80-�m diameter stainless steel microwires to record from
nanesthetized, freely moving animals (Strumwasser, 1958).
hese recordings lasted for a week or more. This breakthrough
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echnique allowed neurophysiologists to focus on the individual
euron and study activity in awake, behaving animals.

The development of photolithographic techniques and sili-
on etching technology provided a new tool set for fabricating
ecording electrodes. Silicon probes capable of recording
imultaneously from many points were made using standard
lanar photolithographic CMOS-compatible techniques on
ilicon wafers. Silicon-based implantable microelectrode arrays
ave long been used for parallel recording of multiple neuronal
lements (Campbell et al., 1991; Wise et al., 2004; Bai and Wise,
001; Csicsvari et al., 2003). Micromachined silicon arrays
resent several advantages over traditional micro wire elec-
rodes: the recording site configuration is easily and precisely
efined using photolithography; only one microdrive is required
o position the array in the tissue; on-chip integrated circuitry
an be integrated to reduce cross-talk and noise. However, the
echanical mismatch between the stiff, brittle probe and the
oft biological tissue is thought to aggravate inflammation at the
mplantation site. Micromotion, due to long-term instabilities or
hythmic pulsation of the tissue, can contribute to shear-induced
nflammation (Zhong et al., 2001), encouraging the formation

mailto:kcheung@ece.ubc.ca
dx.doi.org/10.1016/j.bios.2006.08.035
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f a glial scar, which can encapsulate or break the probe with
ime. This fibrous tissue may isolate the probe electrically from
he surrounding neural tissue. The introduction of a flexible
robe may thus reduce these side effects.

Polyimide provides good biocompatibility, insulation resis-
ance and dielectric strength in addition to high mechanical
exibility (Richardson et al., 1993; Seo et al., 2004). Polyimides
ave previously been used in the field of bio-interfaces in such
pplications as cuff electrodes and sieve electrodes (Rodriguez
t al., 2000; Stieglitz et al., 2002, 2000). Cuff electrodes, which
rap around a nerve trunk, can be used to record sensory sig-
als from peripheral nerves or stimulate motor fibers to activate
uscles. Sieve electrodes, which are a thin planar structure per-

orated by holes, can be placed between the severed ends of the
erve. The regenerated nerve will hold the implant in place, cre-
ting an interface between the microelectrode sites near the holes
nd the nerve. The fabrication method used in this work incorpo-
ates several simplifications over previously reported methods
Rousche et al., 2001): the release process is in a saline solution
s opposed to a buffered HF bath; by using a dry-etch polyimide,
nly one lithography layer is required to pattern the structure out-
ine as a last step compared to the separate lithography steps for
ach photosensitive polyimide layer. In addition, Pt electrodes
re more stable over time than Au electrodes for stimulation,
ince gold electrodes quickly dissolve when a high potential is
pplied (Hung, 2003).

With precise inter-electrode distances defined by photolithog-
aphy, microfabricated arrays can give an accurate depth profile
f electrical activity in the tissue. In addition, simultaneously
cquired readings from the sensor array can be used for the
nalysis of electrical function of the laminar structure, based
n the local potential properties. Current source density (CSD)
s related to the second spatial derivative of the potential, and
ubsequent CSD analysis can, given the initial assumptions
f homogenous tissue conductivity and structure curvature,
epict the active electrical sources and sinks responsible for the
ecorded potentials.

Previous work has focused on the use of silicon microelec-
rodes in acute electrophysiological recordings. Microelectrodes
ere used to monitor field potentials, and CSD analysis demon-

trated layer-by-layer current sources and sinks in the hippocam-
al cortex (Townsend et al., 2002; Wu and Leung, 2003, 2001;
loosterman et al., 2001). In this work, we present multiple-
se flexible polymer microelectrodes as an improved tool for
ulti-channel recordings. We show examples of acute as well

s chronic recordings, used to capture the laminar differences
n function of cortex and hippocampus. This work also presents
reliminary examination of the tissue reaction to these implanted
olymer-based arrays.

. Materials and methods

The polyimide microarrays consist of alternating layers

f polyimide–platinum–polyimide, which are patterned using
eactive ion etching (Metz et al., 2004a,b). The microarrays
ere structured on a solid substrate and are released following

he anodic dissolution of a sacrificial aluminum layer under-

2

1
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eath the polyimide (Metz et al., 2005). Electrode implantation
nd recordings were done at the University of Kuopio. All
xperiments were conducted in accordance with the Council
f Europe guidelines and approved by the Institutional Animal
are and Use Committee and the State Provincial Office of
astern Finland.

.1. Array microfabrication

Chrome (200 nm) and aluminum (500 nm) were evaporated
nto a carrier silicon wafer. A 20-�m layer of polyimide pre-
ursor (PI-2611, HD Microsystems) was applied on top of the
luminum by spin-coating and cured at 300 ◦C for 1 h in a nitro-
en atmosphere. A titanium adhesion layer (50 nm) and platinum
ayer (200 nm) were then sputtered onto the cured polyimide.
lectrodes were patterned by reactive ion etching in Cl2 using
atterned photoresist as an etch mask. A second layer of poly-
mide (1.5 �m thickness, PI-2610, HD Microsystems), which
eparates the two electrode layers, was spun on and likewise
ured. A second Ti/Pt metal layer was sputtered and patterned
o create a second layer of electrodes. The third and final layer of
olyimide, which insulates the electrode lines, was spun on and
ured. An etch mask of sputtered SiO2 (500 nm) was deposited
nto the wafer and then patterned by reactive ion etching using
photoresist etch mask. This oxide layer was then used as the

tch mask during the subsequent oxygen-plasma etch of the
olyimide. This final etch defines both the structure outline and
pens contacts to the electrodes. The polyimide devices were
hen detached from the silicon carrier wafer by anodic metal
issolution in a 10 wt% sodium chloride solution: the substrates
ere immersed in the salt solution at room temperature with
platinum counter electrode, and a constant positive potential

0.7 V) was applied to the aluminum layer. The anodic metal
issolution process dissolved the aluminum, leaving the chrome
n the substrate, thus releasing the polyimide structures (Fig. 1).

A surface-mount connector (Samtec, Inc.) was soldered onto
he electrode bond pads at the end of each polyimide structure
nd the electrical contacts were insulated with epoxy. This 16-
hannel connector provided the contact between the polyimide
tructures and the Neuralynx preamplifier.

.2. Common recording equipment

During recordings, the signal from the recording electrodes
as first passed through a preamplifier (Neuralynx Inc.)
ounted on the distal end of the recording cable and into the
ain amplifier (Grass Instruments) and the data acquisition
C (running DataWave SciWorks). The auditory stimuli were
ure 3.3 kHz, 80 dB beeps of 10 ms duration, generated by
piezoelectric buzzer. The stimuli consisted either of paired

ulse beeps (gating paradigm) or of sets of 10 pulses with pulse
ntervals of 500 ms, followed by a 3.5 s silence. The trials were
veraged in sets of 50.
.3. Acute recording details

FVB/N mice weighing 25–35 g were anesthetized with
.2–1.5 g/kg urethane intraperitoneally and placed in a stereo-
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ig. 1. Cross-sectional view of the microfabrication process. The microelectrode
sing reactive ion etching (Metz et al., 2005).

axic apparatus (Narishige Instruments). Animal body temper-
ture was maintained at 35 ± 1 ◦C using a custom-made water
ed. Holes for the recording and surface (reference) electrodes
ere drilled on the same side of the animal. The ground elec-

rode (screw) was placed at A1, L1 with respect to bregma. The
ultielectrode array was inserted vertically at P2.2, L1.6-2.2,

nto post-parietal cortex and hippocampus.
The multielectrode array was connected to a custom-made

rinted circuit board with a 2 × 8 integrated circuit plug, fit-
ing into a matching plug containing the preamplifier block
nd a separate ground wire to the reference. At the end of the
rst recording series, the polyimide microelectrode array was
eplaced with a microfabricated 16-sensor one-shank silicon
ultielectrode array (Center for Neural Communication Tech-

ology, University of Michigan). A second recording series was
erformed.

The animal was sacrificed at the end of the experiment with
n overdose of injected urethane and incinerated.

.4. Chronic recording details

Male Sprague–Dawley rats were obtained from the National
ublic Health Institute in Kuopio. They were anesthetized
30 mg/kg i.p. pentobarbitol and chloral hydrate, with supportive
oses of ketamine 20 mg/kg i.m.). After drilling, the multielec-
rode array was implanted vertically into post-parietal cortex
nd hippocampus. In addition, four reference screw electrodes,
ired to a ground connector with plugs for each screw, were

ttached to the frontal and parietal parts of the skull. The elec-
rode connector, the screws, and their connector were attached
o the skull by acrylic cement, which formed a block on the top
f the head. After surgery the animals were allowed to heal for
t least 1 week before starting a recording session.
.5. Electrode marking and tissue preparation

After acute recordings were finished, a current was led
hrough the microelectrode array to mark the sensor positions.

σ

sist of alternating layers of polyimide–platinum–polyimide, which are patterned

30 �A positive current was led for 10 s through the outermost
ensors. The animals were sacrificed by cardiac perfusion, at
rst with saline and then 4% paraformaldehyde. The brain was

hen removed and kept in 4% paraformaldehyde for 2 days, then
liced into 60-�m thick sections using a microtome. The brain
as dissected for verification of the anatomy and for experimen-

al precision, and the local electrolytic lesions were observed
n postmortem histology. In order to assess the tissue reaction
nd glial scar formation around chronic implants (Turner et al.,
999), the tissue was stained using anti-glial fibrillary acidic
rotein (GFAP, Sigma–Aldrich Finland). The number of cells
tained was counted around the area of the electrode tested in
he chronic experiment.

.6. Current source density analysis

Transmembrane currents flow across the membrane of active
eurons and create an ensemble of current sources and sinks:
ources inject current into the extracellular medium and sinks
bsorb current from the medium into a neuronal element
Nicholson and Freeman, 1975). Current source density anal-
sis is used to yield the amplitude of a current source or sink
t a given layer in the tissue. The use of CSD gives a better
patial resolution than the original field potential information
Mitzdorf, 1985), removes components created by volume con-
uction in tissue (Leung, 1990), and provides a better indication
f neuronal function. Field potential profiles, in our case the lam-
nar profiles of the auditory-evoked potentials, were measured
t equidistant locations (100 �m spacing between sensors along
he probe shank). The one-dimensional CSD Im as a function of
epth z and time t was calculated according to a finite difference
ormula for the second spatial derivative:

∂2ϕ ≈ ϕ(z + n · �z) − 2ϕ(z) + ϕ(z − n · �z)
∂2z (n · �z)2

z · ∂2ϕ

∂2z
= −Im
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Fig. 3. (a) A micro surface-mount connector is soldered to the polyimide probe.
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ig. 2. Micrographs of the microfabricated structures. The probe thickness is
5 �m. Each electrode is a circle of 25 �m diameter. The polyimide is transparent
nd the overlapping stacked metal lines are visible.

here ϕ is the potential at depth z, �z the spacing between
djacent recording sites, 100 �m and σz is conductivity in the z
irection. The parameter n defines the amount of spatial smooth-
ng applied to the data (Freeman and Nicholson, 1975); we used
= 1 throughout (Kloosterman et al., 2004). The parameter σz

as assumed to be constant and the CSDs were calculated in
rbitrary units (mV/mm2) proportional to the actual current den-
ities. The currents in the other directions were assumed to be
egligible (Leung, 1979).

. Results and discussion

.1. Microfabrication

The polyimide microdevices can be re-used several times
espite being bent into acute angles. This robustness, an advan-
age for in vivo applications, contrasts with the brittleness of
ilicon-based microelectrodes. By stacking the metal layers, the
umber of electrode sites can be increased without increasing
he width of the implanted structure, which will help to min-
mize damage to the tissue during insertion. The width of the
hank increased from 35 �m at the tip to 195 �m at the far-
hest recording site from the tip. The shank thickness was 15 �m
Fig. 2). Despite their flexibility, the polymer microdevices can

e inserted into the tissue without using a guide. The single
olyimide structure comprises the recording tip and the flex-
able, which traverses the skull and connects the tip to the bond
ads for further connection (Fig. 3). Thus, these microfabri-

p
s
o
f

b) During recording, the microelectrodes are connected to a head-mounted
reamplifier, which is mounted on the distal end of the recording cable and
ain amplifier.

ated structures require minimal packaging when compared to
he silicon-based probes.

The electrodes were immersed in phosphate buffered saline
PBS, Sigma, USA; NaCl 120 mM, KCl 2.7 mM, phosphate
uffer 10 mM, pH 7.4) and characterized by impedance
pectroscopy (Agilent 4292A) from 100 Hz to 1 MHz. The
mpedance of each sensor, which was a 25-�m diame-
er circle (surface area was 491 �m2) was approximately
M� at 1 kHz.

Since platinum has good resistance to chemical corrosion,
ow threshold potential and good biocompatibility, it has often
een used as an electrode material for biological applications.
putter deposition of thin platinum films is also a widely used
icrofabrication process. For electrical stimulation using bipha-

ic pulsing with optimized parameters, platinum electrode cor-
osion can be minimized but dissolution may still occur, which
ould contraindicate the use of thin-film electrodes. Oxide-
ased electrodes such as iridium do not exhibit corrosion, and
n addition have large surface roughness, which contributes to
larger real surface area and lower electrode impedance. The

puttered thin-film Pt electrodes have smooth surfaces and rel-
tively higher impedance. For long-term applications requiring
lectrical stimulation these thin-film microelectrodes could be

latinized to increase thickness and surface roughness while
imultaneously decreasing impedance (de Haro et al., 2002),
r iridium oxide films could be electrodeposited onto the micro-
abricated Pt electrodes (Ges et al., 2005).
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Fig. 4. Laminar profiles of average evoked potentials acquired using the EPFL
and Michigan electrodes. Both are linear 16-channel arrays with 100 �m spacing
between the sensors. Acute measurements in the mouse post-parietal cortex
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upper channels) and hippocampus (lower channels). Pairs of sound pulses are
hown on the bottom. The vertical scale is in millivolt with the largest signals
0.7 mV.

.2. Recording

During both acute and chronic recording sessions the elec-
rodes yielded stable recordings comparable to those obtained
rom commercially available silicon electrodes when inserted

nto cortex and hippocampus, as observed in the form of the
tandard response parameters, such as latencies, onsets and
ecays of main components in voltage and CSD traces. Dur-
ng acute recordings (Fig. 4) the responsiveness was only lim-

i
i
s
s

ig. 5. (a) The 16-channel multielectrode array. (b). Recorded voltage (left, mV) and c
sing a chronically implanted 16-channel polyimide electrode. The surface of the br
ottom. The timing of sound pulses is depicted below the lowest trace.
electronics 22 (2007) 1783–1790 1787

ted by anesthesia stability and reproducible traces could be
btained typically for 4–6 h during a recording session. In
hronic recordings (Fig. 5) responses of undiminished amplitude
ould be obtained during 8 weeks, at which point the animal was
acrificed.

The time scale of chronic implants varies and can often be
tretched to months. Micro-wire electrodes have been employed
o record brain (single-unit) activity since 1958 (Strumwasser,
958). Over the years, these electrodes have both been found
seful and the techniques increased in complexity and sophisti-
ation (Lemon, 1973; Buzsaki, 2004). We chose the time scale
sed as a compromise between practicality and a reasonable time
or verification of operation of the polymer-based electrodes.

Fig. 4 shows acute recordings from the mouse, with a 16-
hannel polyimide electrode (left) and a 16-channel commercial
ilicon electrode (right) going through the post-parietal cortex
nd the hippocampus. The differences in waveform in deep lay-
rs depend on the local structure of hippocampus at the insertion
rack and minor location differences. The lowest line was the
iming of the stimulus: a 10 ms sound beep pair every 10 s, with
n average of 50 trials. The polyimide electrode had a higher
oise level given the higher impedance compared to the sili-
on electrode (a 2/1 ratio for the electrode pair used here), thus
lso a more local pick-up of signals. Note the silent channel in
he polyimide electrode, providing an indication of the intrin-
ic noise level. The channels are purposely depicted at different
eights since the uppermost channel in the polyimide electrode
as closer to the surface of the brain. The depth difference of
00 �m was estimated from electrolytic markings done at inser-
ion of the polyimide sensors.

Fig. 5 shows the recorded voltage and calculated CSD traces
o sets of sound pulses in an experiment using a chronically

mplanted 16-channel polyimide electrode in the rat. The record
s made with a 3–300 Hz bandpass filter, with a frontal lobe screw
erving as the reference. The trace set reveals several current
inks and sources.

alculated CSD traces (right, mV/mm2) to sets of sound pulses in an experiment
ain (above the post-parietal cortex) is up and the hippocampus is towards the
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The hippocampus receives its major sensory input through the
ntorhinal cortex, which in turn, receives the signals from vari-
us association cortices in the brain (Van Hoesen, 1982; Witter,
993). In a large number of previously published papers (Leung
t al., 1992, 1995; Brankack et al., 1993; Liu and Bilkey, 1997a,b;
anning and Leung, 1997; Bragin et al., 2000; Townsend et al.,
002; Bartesaghi and Gessi, 2003; Kloosterman et al., 2004;
natkovsky and de Curtis, 2006) intracranial electrical stimu-

ation to one or several hippocampal and/or cortical pathways,
uch as the components of the perforant path, the hippocampal
ommissurae and parts of the hippocampus itself, was applied to
ield a set of responses for source localization and CSD analy-
is. In some cases, this stimulation paradigm has been extended
owards the auditory pathways (Canning et al., 2000).

In contrast to electrical stimulation, our auditory beeps
epresent a relatively natural sensory stimulus, applicable for
oth acute and chronic experiments. At the recording site the
esponses have been modified throughout the natural auditory
athway and cortices and can be expected to have a signal
trength comparable to those triggered by events in everyday
ife. Thus, the form and temporal characteristics of the responses
licited by these stimuli may differ considerably from those due
o electrical stimulation.

The current markings were readily observable in tissue slices
Fig. 6a), indicating good targeting and no shorts between the
ensors at current levels used. These lesions, made by 30 �A for
0 s, had an approximate radius of 120 �m.

.3. Tissue reaction

One of the great challenges to maintaining a stable, long-
erm neural interface is the biological response to electrodes
mplanted in the central nervous system. Although current

icroelectrode arrays perform well in acute applications,
hronic performance remains inconsistent. Using microwire
rrays, Nicolelis et al. (2003) reported a steady drop in the
umber of functional electrodes remaining over time, decreasing
rom ∼100 initially implanted microwires to 421 recorded neu-
ons after 3–4 weeks, ending with 58 neurons after 18 months in
ne subject. In response to brain injury, astrocytes, microglia and
ther cells proliferate, forming a glial scar (Fawcett and Asher,
999). Glial fibrillary acidic protein is a major structural com-
onent of astrocytes and is generally accepted as an astrocyte-
pecific marker in the central nervous system. To assess the level
f scar formation after implantation, an anti-GFAP stain was
sed in brain preparations of rats used in the chronic experi-
ents. A cell count around the area of the electrode yielded a

on-significant level of GFAP-positive cells along the length of
he shank. At the insertion area of the cortex and approximately
mm depth there were 16 ± 1.4 (standard error of mean) stained
ells/0.01 mm2 but this quickly decreased to a non-observable
evel of stained cells in the hippocampus (Fig. 6b).

Previous work examining astrocyte response to brain injury

as shown there are two components of the reactive response to
evice insertion into the brain. The early response is observed
mmediately after device insertion, followed by a long-term sus-
ained response. The early response starts within hours of injury

d
T
t
e

esioning was used for this animal to preserve tissue for cell count. The counts at
evels with observable staining, starting from a depth of roughly 1 mm, yielded
6 (±1.4 S.E.M.) cells/0.01 mm2.

nd is characterized by a large number of astrocyte and microglia
n the area surrounding the device (Szarowski et al., 2003; Turner
t al., 1999). This area can extend to a few hundred microns
round the insertion site, and the response is proportional to the
ross-sectional area of the devices. This early reaction reaches
peak from 3 to 7 days post-injury (Norton et al., 1992) and

hen gradually resolves to the long-term response. The long-
erm chronic response features a compact sheath surrounding the

evice extending and extending outwards a few tens of microns.
his prolonged response has been found to be independent of

he device size, geometry and surface roughness. Both Turner
t al. and Szarowski et al. have examined the encapsulation
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f micromachined silicon devices of different size and cross-
ection. Szarowski showed a clear sheath of GFAP-positive
strocytes within a 50–100 �m radius around the insertion site
fter 4 weeks, and an increased number of GFAP-positive stel-
ate astrocytes to a radius of 500 �m from the insertion site.
ampton et al. (2004) have studied the long-term brain response

o stab injury using a sterile scalpel to cut a lesion into the cortex.
his work showed an increased number of GFAP-positive cells
round the lesion (>20 cells/mm2 within 100 �m of the lesion,
4 days post-lesion). Edell et al. (1992) found more gliosis at the
ips of implanted silicon arrays after 6 months of implantation,
hile Schmidt et al. (1993) found comparable levels of gliosis

long the length of the 1.5 mm arrays.
The astrocyte cell counts obtained here, which were from the

urface of the cortex to the depth of 1 mm, are comparable to
hose from Hampton, whose work concerned mainly the cortex.
otably, however, our results showed non-significant levels of
FAP-positive cells at increased depth and no stained cells in

he hippocampus. Shehab et al. (1990) note that the type of fix-
tive (paraformaldehyde, acid alcohol, among others) can affect
mmunocytochemistry, and that immunoreactivity in white and
rey matter differed with the fixative, but they do report the
taining of astrocytes in the grey matter of the hippocampus
xed in paraformaldehyde. Although our results indicate mini-
al tissue reaction to implanted polymer-based microelectrodes,
definitive comparison of the biocompatibility of silicon and

olymer-based microelectrodes would require the implantation
f structures identical in shape, cross-section and length into the
ame animal for the same duration.

We expect that the flexible electrode array will have better sta-
ility for long-term in vivo recording than a silicon-based array,
s the polyimide shank permits probe movement in unison with
he brain tissue. Here, micromotion is the relative movement
etween the implant and the brain tissue. Brain movements or
ulsations can be attributed to changes in intracranial pressure
ue to breathing and the cardiac pulse. For implants, which are
ethered to the skull, micromotion can also result from relative

ovement between the skull and brain. Finite element modeling
as shown that flexible substrates such as polyimide can reduce
train at the tip of the probe for tangential tethering force when
ompared to a stiff probe (Subbaroyan et al., 2005). As silicon
as a Young’s modulus of ∼170 GPa, while brain tissue has a
oung’s modulus of ∼3 kPa, this reduction can be substantial.
lthough there are elevated strains at the surface of the brain in

his case, optimizing the flexible interconnect could reduce this
angential strain as well.

In the past few years, a lot of excitement has been generated
y findings that neural recordings can provide movement-related
ignals (Nicolelis, 2001). This is partly due to the cortical topo-
raphic representation, which implies that sensory modalities
re mapped to regions in the sensory cortex, while motor cortex
s partitioned into regions that emphasize different movements.
ecordings from the motor cortex of awake, behaving monkeys

an be used to control computer cursors (Donoghue, 2002). With
eal-time visual feedback, monkeys were able to make real and
irtual arm movements in a three dimensional virtual environ-
ent (Taylor et al., 2002). These findings were made possible
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y multi-channel intracranial recording electrodes. Thus, neural
nterfaces in the future will play a crucial role for design and
mplementation of prosthetic devices, to replace lost sensory or

otor function (Horch and Dhillon, 2004). The success of such
ystems will depend upon improvement of implant biocompat-
bility to prevent loss of signal quality over time.

. Conclusion

This work presents implantable, flexible polymer-based
icroelectrodes for both acute and chronic neural recording

n rodents. These recordings yielded similar results, compared
o commercially available silicon-based microelectrodes and
roduced response waveforms of undiminished amplitude and
ignal-to-noise ratios 8 weeks after a chronic implantation. Pre-
iminary immunostaining results show minimal tissue reaction
o the implanted polymer-based device. Current work contin-
es to use these microelectrodes in long-term trials in awake
nimals.

Implantable flexible microelectrode arrays may in the future
ontribute to the realization of neuroprosthetic devices to restore
ervous system function. By recording signals from the motor
ortex, such probes with the addition of on-board electronics
nd telemetry could be used for the direct control of pros-
hetic devices for patients of neuromuscular disease, amputation
r stroke. The long-term functionality of these devices will
epend on controlling the cellular encapsulation, which isolate
hese probes from the brain. Future work aims to incorporate
unctional polymer coatings that contain antibiotics or anti-
nflammatory compounds to reduce the growth of scar tissue in
he vicinity of the implanted probes. In addition, fluidic channels
ncorporated into the probes will enable localized drug delivery
djacent to the electrode sites.
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